Objective: Circulating IGF1 declines with age while ill-health increases. Controversy remains whether differences in the levels of IGF1 and its binding proteins 1 and 3 (IGFBP1 and IGFBP3) determine health outcomes during ageing. We examined associations of IGF1, IGFBP1 and IGFBP3 with all-cause and cardiovascular mortality in older men. Design: We conducted a prospective cohort study of community-dwelling men aged R70 years. Methods: Plasma collected at baseline (2001)(2002)(2003)(2004) was assayed for total IGF1, IGFBP1 and IGFBP3. Incidence and causes of death from time of recruitment to 31 December 2008 were ascertained using the Western Australian Data Linkage System. Cox regression analyses were performed, adjusting for conventional cardiovascular risk factors. Results: Among 3983 men followed for 5.2 years (median), 694 deaths occurred, 243 from cardiovascular disease (CVD). There was no difference in survival according to quintiles of IGF1. Increased IGFBP1 predicted increased all-cause mortality (highest versus lowest quintile: adjusted hazard ratio (HR)Z1.98, 95% confidence interval (CI)Z1.52-2.57, P!0.001 for trend) and increased cardiovascular mortality (HRZ3.42 (2.03-5.77), P!0.001 for trend). Decreased IGFBP3 predicted increased all-cause mortality (lowest versus highest quintile: HRZ1.57, 95% CIZ1.23-2.01, PZ0.007 for trend). Associations of IGFBP1 and IGFBP3 with all-cause mortality were not attenuated by adjustment for IGF1 levels. Conclusions: In older men, higher IGFBP1 and lower IGFBP3 levels predict overall and CVD-related mortality, while IGF1 levels are not associated with mortality. Further studies are needed to clarify the underlying mechanisms by which IGFBP1 and IGFBP3 levels are associated with mortality risk, and whether this occurs independently of IGF1.
Introduction
Ageing is associated with gradual deterioration in health and well-being, and with a range of endocrine changes which may contribute to disease. This includes a decline in GH secretion, resulting in a reduction in circulating insulin-like growth factor 1 (IGF1) (1, 2) . In adults who are GH-deficient, GH replacement therapy raises IGF1 and improves body composition and markers of cardiovascular risk (3) . In the absence of known pituitary disease, it is unclear whether the age-related decline in GH secretion and the related fall in IGF1 levels contribute directly to ill-health and mortality.
Observational studies examining associations between IGF1 and its binding proteins (IGFBPs) with cardiovascular risk and mortality have yielded inconsistent results. Lower IGF1 is generally associated with adverse risk factors for cardiovascular disease (CVD) (4) (5) (6) and with heart failure, ischaemic heart disease (IHD) and stroke (7) (8) (9) . However, other studies have not shown comparable associations (10) , or have correlated higher IGF1 levels with increased CVD risk (11, 12) . Lower IGF1 has been associated with increased IHD mortality, and with CVD or all-cause mortality (13) (14) (15) . By contrast, several studies have found no association of IGF1 levels with mortality (16) (17) (18) , or reported that higher IGF1 levels predicted all-cause mortality (19) . One study reported a U-shaped association of IGF1 with CVD mortality (20) .
Circulating IGF1 is bound to carrier proteins, which regulate availability of IGF1 thus modulating its effect on target tissues. The large majority of circulating IGF1 is bound to IGFBP3 and acid-labile subunit (ALS) in a ternary complex (2) . Higher IGFBP3 levels, which might reduce unbound or bioavailable IGF1, have been correlated with markers of increased cardiovascular risk (6, 8, 11, 12) . In comparison, other studies found lower IGFBP3 was associated with increased risk of stroke and coronary events (9, 10) . Data examining the association of IGFBP3 with mortality are limited (14, 16) . While IGFBP1 binds a relatively small fraction of circulating IGF1, its production is suppressed by insulin enabling variation of IGF1 bioavailability in response to metabolic demand (2, 21) . Reduced IGFBP1 is a marker of insulin resistance and metabolic syndrome (22) (23) (24) . However, both lower and higher IGFBP1 levels have been associated with mortality (13, 17, 18) .
Thus, additional studies are needed to address this uncertainty and clarify whether low or high levels of IGF1 and IGFBPs are robust markers of all-cause or CVD-related mortality. Resolving these questions would help determine the feasibility of testing interventions that modulate levels of IGF1 to preserve health, particularly in older adults. We tested the hypothesis that IGF1, IGFBP1 and IGFBP3 levels are independent predictors of mortality in communitydwelling older men.
Participants and methods

Study population
Details of the Health In Men Study (HIMS) have been described in depth elsewhere (25) . Briefly, 4263 community-dwelling men resident in metropolitan Perth, Western Australia, attended a study clinic between October 2001 and August 2004. These men were part of an earlier population-based sample of 12 203 men screened for the presence of abdominal aortic aneurysm in 1996-1999, and were predominantly of Caucasian ethnicity. Demographic, medical and medications data were collected. Height (in cm), weight (in kg), waist and hip circumference (in cm) and blood pressure were measured using standard procedures. An early morning blood sample was obtained. The Human Research Ethics Committee of the University of Western Australia approved the study protocol and all study participants gave their written informed consent.
Definition of hypertension, dyslipidemia and diabetes
Hypertension was defined as a recorded blood pressure R140/90 or having a diagnosis of hypertension or receiving treatment for high blood pressure. Dyslipidemia was defined as having high-density lipoprotein !0.9 mmol/l, low-density lipoprotein R3.4 mmol/l, triglycerides R1.8 mmol/l or total cholesterol R5.5 mmol/l, or receiving lipid-lowering therapy. Men who had been diagnosed with diabetes, with reported use of glucose-lowering medication, or had a fasting glucose of R7 mmol/l or non-fasting glucose of R11.1 mmol/l, were considered to have diabetes.
Identification of men with pre-existing CVD
Men with pre-existing CVD were identified from selfreported questionnaire data and from medical data obtained through the Western Australian Data Linkage System (WADLS) (26) . Briefly, WADLS links together records from the Mental Health Information System, cancer register, death register and hospital morbidity data (which include codes for multiple medical diagnoses for all admissions to private and public hospitals). WADLS hospital records were flagged for myocardial infarction or IHD, using the International Classification of Diseases (ICD)/-10-AM codes in the range I21-I25, or with ICD-8, ICD-9 or ICD-9-CM diagnosis codes 410-414, or with Code of Surgical Operations (COSO) procedure code 304, International Classification of Procedures in Medicine (ICPM) codes 5-360 to 5-363, or ICD-9-CM procedure codes 36.x. For stroke and arterial diseases, the corresponding ICD-10 codes were H34.1, I60, I61-I64 and I71.0, I71.2-I71.9, I72-I74.
Assessment of medical comorbidity
We used the Charlson score (27) to determine the presence of significant medical comorbidity in our cohort. The score takes into account 17 common medical conditions that predict 1-year mortality: myocardial infarction, congestive heart failure, peripheral arterial disease, cerebrovascular disease, dementia, chronic pulmonary disease, connective tissue disease, ulcer disease, liver disease, diabetes (including diabetes with end organ damage), hemiplegia, renal disease, leukaemia, lymphoma, other tumours, metastatic tumours and AIDS. Medical diagnoses are weighted for severity and summed to provide a weighted index of medical comorbidity. Data were included from 1990 to the time of blood sampling, providing a measure of recent comorbidity.
Laboratory assays
Blood samples were collected at baseline (2001) (2002) (2003) (2004) between 0800 and 1030 h. Plasma was prepared immediately following phlebotomy and stored at K80 8C until assayed. Biochemical and hormone assays were performed in the Biochemistry Department, Path-West Laboratory Medicine, Fremantle and Royal Perth Hospitals, Western Australia, as previously described (28) . Briefly, total IGF1, IGFBP1 and IGFBP3 were assayed using reagent kits of single lot numbers from Diagnostics Systems Laboratories, Inc. (DSL, supplied by Beckman Coulter, Gladesville, NSW, Australia). The non-extraction IGF1 ELISA, the Total IGFBP1 ELISA and the Active IGFBP3 ELISA kits were used. The assays were automated using a Grifols Triturus ELISA processor (Vital Diagnostics, Castle Hill, NSW, Australia). For measurement of IGF1, samples were pretreated with acid to displace IGF1 from binding proteins, followed by neutralisation and addition of binding inhibitors prior to assay. Between-run imprecision (coefficient of variation) was 12.2 and 8.6% at 117 and 216 ng/ml IGF1; 8.6 and 5.2% at 3.1 and 49 ng/ml IGFBP1; and 16.8 and 4.4% at 540 and 4300 ng/ml IGFBP3. All assays were carried out on freshly thawed aliquots of EDTA plasma in a series of runs between January 2008 and February 2009.
Ascertainment of deaths
Occurrence of death was ascertained from time of recruitment to 31 December 2008. Primary cause of death was ascertained from WADLS mortality data. This dataset contains both the original death certificate and ICD codes generated from this data and other sources by the Australian Bureau of Statistics (ABS). Deaths in which IHD appeared in the text of part 1 of the death certificate (e.g. acute myocardial infarction, atherosclerotic heart disease and chronic IHD) were considered CVD-related deaths. Where ABS coding was available, records containing ICD-10 codes in the range I21-I25 were flagged. For CVD-related deaths, stroke and arterial disease were included as causes of death and additional codes were flagged for stroke (H34.1, I60 and I61-I64) and arterial diseases (I71.0, I71.2-I71.9 and I72-I74).
Statistical analysis
Data were analysed with the statistical package Stata, version 11.1 (StataCorp, College Station, TX, USA). Quantitative data are tabulated as meanGS.D. Kaplan-Meier plots of survival according to quintiles of IGF1, IGFBP1 and IGFBP3 were charted. Cox regression models were used to test the associations of IGF1, IGFBP1 and IGFBP3 with overall mortality. The reference group for each exposure-outcome model was chosen based on exploratory analyses using quintiles. For cause-specific mortality, CVD-related and non-CVDrelated deaths, cause-specific regression models were used (29) . In the regression models, fasting status, age, body mass index (BMI), waist:hip ratio, smoking, hypertension, dyslipidemia, diabetes, prevalent CVD and medical comorbidities (Charlson Index) were examined as potential confounders using the 'changein-estimate' method (30) . Covariates were added to the model and retained if inclusion resulted in an appreciable change in HR.
Results
Characteristics of the study population
Results from 3983 men were included in the analysis and their baseline characteristics are shown in Table 1 . Mean age was 77 years. The prevalence of diabetes was 15.8%, three quarters of the men had hypertension or dyslipidemia and just under half had a history of CVD. The number of men fasted at the time of blood sampling was 3113 (78.3%) (see Supplementary  Table 1 , and section on supplementary data given at the end of this article). IGFBP1 levels were higher in fasted compared with non-fasted men, thus fasting status was included as a covariate in subsequent analyses. In the cross-sectional analysis of this cohort, IGF1 and IGFBP3 levels decreased with increasing age, while IGFBP1 levels increased (28) .
Associations of IGF1, IGFBP1 and IGFBP3 with overall mortality
Median length of follow-up was 5.2 years (interquartile range 4.6-5.9 years). There were 694 deaths, of which 243 were CVD-related (35.0%). Kaplan-Meier plots of cumulative mortality according to quintiles of IGF1, IGFBP1 and IGFBP3 are shown in Fig. 1 . There was no difference in mortality according to quintiles of IGF1 ( Fig. 1A) . Men in the highest quintile of IGFBP1 had increased cumulative mortality ( Fig. 1B) . Men with IGFBP3 levels in the lowest quintile of values had increased mortality (Fig. 1C ). 
Multivariate analyses: IGF1 versus all-cause and CVD-related mortality
Cox regression models were constructed to show HRs for mortality according to quintiles of IGF1 ( Table 2) . IGF1 levels did not predict all-cause, CVD-related or non-CVD-related mortality in our cohort, either in univariate analysis or after adjustment for fasting status, age, BMI, waist:hip ratio, smoking, hypertension, dyslipidemia, diabetes, prevalent CVD and medical comorbidities ( Table 2 ).
Multivariate analyses: IGFBP1 versus all-cause and CVD-related mortality
Men with IGFBP1 levels in the highest two quintiles had increased all-cause mortality in the unadjusted analysis (Table 3 ). After adjustment for covariates, including fasting status, men with IGFBP1 levels in the highest two quintiles had increased all-cause and CVD-related mortality ( Table 3 ). For IGFBP1 levels in the highest versus lowest quintile, the HR for CVD mortality was 3.42, while for non-CVD mortality, the HR was 1.40 ( Table 3 ). The trends remained significant when men who were not fasting were excluded from the analysis, but adjusted HR for highest versus lowest quintile of IGFBP1 was lower (all-cause mortality: P for trend !0.001, HRZ1.58 (95% confidence interval, CIZ1.15-2.16); CVD mortality: P for trendZ0.02, HRZ1.85 (1.06-3.23) and non-CVD mortality: P for trend !0.001, HRZ1.32 (0.91-1.91)).
Multivariate analyses: IGFBP3 versus overall and CVD-related mortality
In univariate analysis, all-cause mortality in men with IGFBP3 levels in the lowest two quintiles was increased ( Table 4 ). After adjustment for covariates, all-cause mortality was increased in men with IGFBP3 levels in the lowest versus highest quintile of values (HRZ1.57) ( 
Sensitivity analyses
IGF1, IGFBP1 and IGFBP3 levels were comparable in non-diabetic and diabetic men (see Supplementary  Table 2 , and section on supplementary data given at the end of this article). Men with diabetes receiving insulin treatment had lower IGF1 and IGFBP3 levels and higher IGFBP1 levels (Supplementary Table 2 , see section on supplementary data given at the end of this article). HR for all-cause mortality according to quintiles of IGFBP1 remained consistent after men receiving insulin were excluded, or when all men with diabetes were excluded (see Supplementary Table 3 , and section on supplementary data given at the end of this article). Similarly, results for IGFBP1 versus CVD and non-CVD mortality, and results for IGFBP3 versus allcause, CVD and non-CVD mortality were not altered by exclusion of men receiving insulin or all men with diabetes (data not shown).
Discussion
In a large cohort of community-dwelling older men, we found that increased IGFBP1 and decreased IGFBP3 independently and significantly predicted increased all-cause mortality. Increased IGFBP1 also significantly predicted increased cardiovascular mortality, whereas total IGF1 level was not associated with mortality. Associations of IGFBP1 and IGFBP3 with all-cause mortality were not attenuated by adjustment for IGF1 levels or by exclusion of men with diabetes. Recent studies of IGF1, IGFBP1 and IGFBP3 with the outcome of mortality are summarised for comparison in Table 5 . Several recent studies specified the use of acid-ethanol extraction to dissociate IGF1 and remove IGFBPs prior to assay of total IGF1 (13, 15, 16, 20) . Laughlin et al. (13) reported that lower IGF1 was associated with increased IHD mortality in adults from the Rancho Bernardo study. Roubenoff Friedrich et al. (14) used acid pretreatment and found that IGF1 level in the lowest 10% predicted higher allcause and CVD-related mortality in men across ages. Other studies have not shown any association of total IGF1 level with mortality (17, 18) . By contrast, Andreassen et al. (19) reported higher all-cause mortality for IGF1 in the highest quintile. Therefore, the existing literature is not conclusive, being divided among studies associating lower IGF1 with mortality ( [13] [14] [15] , several negative studies (16) (17) (18) and studies with contrasting results (19, 20) . In prospective analyses of this type, power to detect associations is dependent on the number of outcome events. Given the size of our cohort and the large number of allcause and CVD deaths that occurred, we would have expected to detect comparable associations of IGF1 with mortality in either direction. Therefore, our study provides additional evidence that in communitydwelling older men, as in healthy adults from NHANES III, total circulating IGF1 does not predict mortality. Lower IGFBP1 has been associated with insulin resistance and adverse cardiovascular risk profiles, and with macrovascular disease in the setting of type 2 diabetes (22, 24, 31) . However, contrasting associations of IGFBP1 with mortality have been reported ( Table 5 ). Laughlin et al. (13) reported increased IHD mortality in middle-aged and older men with IGFBP1 in the lowest quintile from the Rancho Bernardo study. Kalme et al. (23) found no association of IGFBP1 with mortality. However, Kaplan et al. (17) reported an association of higher IGFBP1 with mortality, which did not reach statistical significance. Hu et al. (18) reported that higher IGFBP1 was associated with all-cause mortality, and Harrela et al. (32) reported higher IGFBP1 predicted all-cause and coronary heart disease mortality. Despite lower IGFBP1 levels being associated with less favourable indices of cardiovascular risk and increased odds of metabolic syndrome, we found no evidence that reduced IGFBP1 levels predicted CVD mortality; in fact, the contrary trend was present. Our results clearly identify older men with higher IGFBP1 levels to be at greatest risk of death from any cause and also from CVD.
While the majority of circulating IGF1 is bound to IGFBP3 (2), there are relatively fewer data exploring the relationship of IGFBP3 with mortality. Friedrich et al. (14) reported that men in the lowest decile of IGFBP3 experienced increased all-cause mortality. Saydah et al. (16) reported a non-significant trend for increased allcause mortality in men with IGFBP3 in the lowest versus highest quartile. We demonstrate that lower IGFBP3 predicted higher all-cause mortality in older men and determined that this extended to both CVD and non-CVD deaths, with men in the lowest quintile at greatest risk. This association was robust to adjustment for IGF1 levels, despite IGF1 and IGFBP3 being closely correlated (rZ0.59) in the initial cross-sectional analysis (28) .
We acknowledge several limitations of our study. We did not have the opportunity to collect serial blood samples to determine changes in hormone levels over time and we cannot comment on associations in women. The cohort comprised men who returned for assessment and blood sampling from an earlier population-based sample (25) , and the overall mortality rate during 5.2 years of follow-up was 17%. Therefore, a 'healthy survivor' effect is possible, which would make our results more applicable to generally healthier community-dwelling older men. We did not attempt to measure 'free' IGF1 levels either by immunoassay or ultracentrifugation (33, 34) . A recently reported bioassay based on activation of the IGF1-specific kinase receptor may provide a means of assessing circulating IGF1 bioactivity (35) . In that study, lower IGF1 bioactivity was associated with all-cause mortality ( Table 5 ). There was a correlation between IGF1 bioactivity and total IGF1 levels (rZ0.49) (35) . However, this bioassay is not in general use at present.
We used EDTA plasma for assays in our entire cohort, avoiding potential discordance from mixing sera and plasma samples. We used an assay for estimating total IGF1, which uses acid pretreatment followed by inhibition of binding rather than ethanol extraction of IGFBPs. Even so, our results concur with those of Saydah et al. (16) from NHANES III, which used an acid-ethanol extraction to assay IGF1. As expected, mean IGF1 levels in our men were lower than in middleaged adults but comparable to results from men of comparable age (16, 17) . We did not use specific thresholds of IGF1, IGFBP1 and IGFBP3 derived from studies performed in sera or in different populations, instead conducting our analyses according to quintiles of hormone levels. Therefore, we believe that the lack of association of IGF1 levels with mortality is not due to confounding from substrate or assay methodologies.
Of note, waist:hip ratios in this cohort of men were comparable to values reported from the Cardiovascular Health Study (36) . Men from the Health In Men Study are predominantly Caucasian in ethnic origin, therefore we did not stratify by ethnic group.
We conclude that total IGF1 levels do not stratify risk for all-cause or CVD mortality in older men. This applies particularly to older men willing and able to participate in research such as our study. In the context of promoting healthy ageing, it remains unclear whether GH supplementation, which raises IGF1 levels, might or might not be of any benefit (37) . In light of our findings, future studies of GH supplementation in older persons should examine for effects of GH on IGF1 bioactivity and on levels of IGFBP1 and IGFBP3, in addition to monitoring levels of total IGF1. Consideration might also be given to examining actions of GH on extrahepatic GH receptors, distinct from the regulation of liver IGF1 production (2).
We propose three explanations for the finding that higher IGFBP1 predicts mortality which was not accounted for by IGF1 levels. First, higher IGFBP1 levels may provide increased binding sites for circulating IGF1 not already bound in ternary complexes with IGFBP3 and ALS, thus reducing IGF1 bioavailability (2, 21) . Second, higher IGFBP1 levels may be a marker for underlying conditions which increase mortality risk. Third, IGFBP1 may exert direct effects independently of IGF1 by binding cell surface integrins which activate downstream cellular signalling pathways (for review, see (38) ). These effects appear to overshadow the association of higher IGFBP1 with reduced prevalence of metabolic syndrome, which would be expected to reduce mortality risk (39) . Thus, higher, not lower, IGFBP1 levels are a risk predictor for poorer health outcomes in older men, specifically, for all-cause and CVD-related mortality.
Another noteworthy result from our study is the confirmation that lower IGFBP3 levels predict mortality. As the HR was increased by adjustment for IGF1, it is unlikely that reduced IGFBP3 reflects reduced carrying capacity for IGF1 in the circulation, which might limit its availability to tissues. If that were the case, the association should have been attenuated by adjustment for IGF1. We cannot discount the possibility that lower IGFBP3 levels might have been a marker for higher free or bioactive IGF1, or for underlying conditions increasing mortality risk. There are several lines of evidence suggesting that IGFBP3 exerts biological effects independently of the IGF1/IGF1 receptor axis (for review, see (40) ). In vitro, IGFBP3 can inhibit or stimulate growth of different cell types in an IGF1-independent fashion, binding to a putative cell surface receptor to interact with epidermal growth factor receptor, p38 MAPK and transforming growth factor b signalling pathways (40) . IGFBP3 may also regulate apoptosis and interfere with NF-kB function (40) . Therefore, it is plausible that a relative lack of circulating IGFBP3 could impede cellular functions important for survival.
In summary, plasma IGF1 was not associated with mortality in older men; however, higher IGFBP1 and lower IGFBP3 levels predicted mortality. Additional research is required to determine whether these associations are causal, and if so, to clarify the underlying mechanisms by which IGFBP1 and IGFBP3 levels modulate mortality risk, and whether this occurs independently of IGF1.
